Introduction
The hallmark of infection with the human immunodeficiency virus (HIV) is a progressive depletion of CD4 + T cells and the risk of opportunistic infections and death in those who develop the acquired immunodeficiency syndrome (AIDS). Initiating combination antiretroviral therapy (ART) can achieve suppression of viral replication and an increase in CD4 + T-cell counts in the majority of patients (1) , resulting in dramatic decreases in morbidity and AIDS-related mortality (2) . The success of ART has been such that an HIV + person who is diagnosed at age 30 and starts therapy when his CD4 + first falls below 500 cells/μL can now be expected to live to age 75 (3) . Yet immune restoration may not always be a smooth transition to health or even fully successful. Starting ART may be initially accompanied by aberrant inflammatory responses termed immune reconstitution inflammatory syndrome (IRIS), wherein patients experience paradoxical deterioration in response to ART, despite efficient control of HIV viral replication and no apparent drug toxicity. Immune restoration on chronic ART may also be incomplete: there is considerable variability in both the extent of CD4 + T-cell recovery and the persistence of excess, for age, risk for morbidity and mortality. Relatively few individuals will achieve normal levels of CD4 + T cells in peripheral blood (PB), lymph nodes (LNs), or in effector sites, where the majority of CD4 + T cells reside. Up to 20% of patients may experience immunologic nonresponse despite HIV virologic suppression, with limited CD4 + T-cell increase or none at all (4) (5) (6) . Strikingly, even those with recovery of near-normal CD4 + T-cell counts may maintain chronic immune activation that has been linked to an increased risk of non-AIDS related morbidity and mortality (7, 8) , making it clear that the detrimental effects of HIV infection go beyond CD4 + T-cell depletion and immunodeficiency. In this review, we discuss to what extent ART may reverse the damage done by HIV to the function of the entire immune system, both innate and adaptive, and the clinical implications of the spectrum of immune restoration, including acute complications like IRIS after ART initiation, as well as chronic immune activation in those receiving long term therapy. We propose that both acute (IRIS) and persistent (chronic treated infection) inflammation in HIV may be the result of an imbalanced recovery of innate and adaptive immune responses, which may lead to adverse outcomes. Finally, we highlight areas of further research that may guide targeted therapeutic interventions to supplement the benefits of ART.
Early ART and IRIS
The effects of HIV infection on the human immune system lead to both immunodeficiency and immunosuppression eventually resulting in increased susceptibility to a wide range of opportunistic pathogens and diseases. Successful control of viral replication with ART greatly improves immune function and clinical outcomes in the majority of patients (1) . Paradoxically, some patients beginning ART experience a clinical worsening, despite evidence of HIV virologic suppression and immunologic improvement, IRIS. IRIS is frequently characterized by both localized and systemic inflammatory symptoms of previously recognized and treated (paradoxical IRIS) or subclinical, untreated (unmasking IRIS) infections or HIV-associated malignancies (9) . The incidence of IRIS can vary anywhere from 7-50% of HIV-infected patients beginning ART (10) (11) (12) , with morbidity and mortality varying greatly based upon the pathogen, degree of immune compromise, site involved (i.e. central nervous system vs. lungs) and management (13) . IRIS in HIV is strongly associated with severe immunodeficiency and preexisting clinical or subclinical opportunistic infections or diseases, mostly mycobacterial and fungal. The patients developing IRIS frequently require additional clinic visits or hospitalizations, complex diagnostic and therapeutic procedures, and supplementary medications. New guidelines recommending early initiation of ART in patients with tuberculosis (TB) and HIV coinfection are expected to further increase the incidence and burden of TB-IRIS (14) . It is clear that approaches to prevent, diagnose early, and treat IRIS are urgently needed to allow the safe restoration of immunity in HIV-infected patients with severe comorbidities and opportunistic diseases. The mainstay of treatment is currently corticosteroids (15) , although targeted immunomodulatory interventions guided by a better comprehension of pathogenesis would be preferable in an already immunocompromised host.
The mechanisms underlying IRIS are being elucidated, with the help of ongoing clinical and basic research and aided by a new animal model (16) . The two strongest clinical predictors of IRIS are severe immunosuppression manifested by low CD4 + T-cell counts in HIV, and existence of a foreign antigen in the form of an opportunistic infection or tumor such as Kaposi's sarcoma (17) (18) (19) . Based on these observations, it was initially hypothesized that IRIS may represent a break of tolerance phenomenon similar to the autoimmune manifestations in lymphopenic mouse models (20) in which unrestrained lymphopenia induced proliferation leads to lack of self-recognition and autoimmunity. This was refuted by the fact that most IRIS patients have evidence of expanding effector memory T cells that express high levels of activation markers (PD-1 and Ki67) with a T-helper 1 (Th1) predilection (21) , suggesting antigen-driven expansion and activation, rather than a predominance of homeostatic proliferation. In support of this, when antigen-specific responses were studied, CD4 + T cells from patients with IRIS events were more likely to have robust and polyfunctional [producing an array of cytokines, interleukin-2 (IL-2), interferon γ (IFNγ), and tumor necrosis factor (TNF)] responses targeting specifically the underlying opportunistic pathogen (22, 23) . Despite the augmented T-cell responses against the underlying pathogen linked to the IRIS event, responses to other co-pathogens including HIV itself were not impaired, implying that although IRIS is an exuberant and dysregulated response towards a specific pathogen, it does not cause a global immune dysfunction. The break of tolerance hypothesis could still be playing a role and ought to be revisited in patients with autoimmune manifestations of IRIS (sarcoidosis, thyroid disease, or arthritis), but studies in these patients are limited. Serum cytokine measurements in IRIS patients have shown elevated Th1 and Th17 levels but have also consistently pointed to a strong innate signal with high levels of IL-1, IL-8, IL-6, and C-reactive protein (CRP) in many studies, regardless of the underlying pathogen (24) (25) (26) . Interestingly, immunomodulatory cytokines, such as IL-10 and the related IL-22, have also been noted to be high in TB-IRIS, perhaps in a compensatory anti-inflammatory response (27) . Although it is tempting to implicate a regulatory T-cell (Treg) dysfunction in the pathogenesis of IRIS, there are currently no clear data to support or dismiss their role. Characterization of Treg prior to ART initiation in some patients who developed IRIS showed a highly activated phenotype (21) that has been linked to loss of suppressive function and acquisition of either Th1 or Th17 effector function in other animal models and human studies (28) (29) (30) (31) . Clearly the role of Tregs requires further study, particularly in conjunction with T-cell interactions with antigen-presenting cells. In an attempt to reproduce the IRIS phenomenon in mice, T-cell receptor (TCR)αβ −/− mice with Mycobacterium avium complex (MAC) infection were used as a model of T-cell depletion and mycobacterial infection. Under normal conditions, these mice are heavily infected with MAC but do not develop disease. Transfer of naive CD4 + T cells leads to wasting and death of the lymphopenic but not T-cell-replete MAC-infected mice (16) . In this model of mouse IRIS (mIRIS), we have shown that (i) the Th1 response is dominant as transfer of CD4 + T cells from IFNγ −/− mice can ameliorate the disease, (ii) antigen specificity is required, as transfer of transgenic ovalbumin specific T cells does not cause disease, (iii) immunosuppression (lack of antigen recognition) without CD4 + T-cell deficiency is sufficient to cause this phenomenon, as MAC-specific CD4 + T cells can cause mIRIS in MAC-infected mice that are replete with transgenic CD4 + T cells recognizing an irrelevant antigen, and finally (iv) myeloid cells play a role in the emergence of mIRIS. This last point appears to be in agreement with human data from several groups that are now unraveling the role of the innate system in the pathogenesis of IRIS with the most striking observations in TB and cryptococcal IRIS (32) . A substudy from the CAMELIA trial has also shown that enhanced natural killer (NK) cell granulocytic activity even prior to ART is strongly associated with paradoxical TB-IRIS (33) . Our group has recently found high levels of soluble CD163 and tissue factor in paradoxical TB-IRIS, supporting a possible role of monocyte or macrophage activation and dysfunction in its pathogenesis (authors' unpublished observations). Recent data showing that apoptotic microparticles in HIV viremic patients may further stifle dendritic cell (DC) activity would further support this notion (34) , suggesting that decreasing these microparticles with anti-HIV therapy could abruptly reverse the dysfunction of DCs.
Based on the existing data, our hypothesis is that IRIS results from the uncoupling of the innate and adaptive immune response during microbial infection: the cells of the innate immune system are primed and activated when antigen-specific CD4 + T cells are absent or inactive, and when these antigen-specific cells recover after ART initiation, discontinuation of immunosuppressive therapies such as corticosteroids or lymphocyte transfers in the animal models, they mount dysregulated immune responses that turn inflammatory and pathogenic (9) . IRIS is not therefore limited to HIV, and in fact, HIV-related IRIS might just be one manifestation of a more general phenomenon of acute immunopathogenic response associated with rapid reversal of immunosuppression. The emergence of IRIS in patients with multiple sclerosis who had received and then discontinued natalizumab (blocking α4β7 integrins and thus trafficking of T cells in sites of inflammation) and developed progressive multifocal leukoencephalopathy clearly supports the concept that an uncoordinated T-cell response, not CD4 deficiency per se, is the necessary element in IRIS pathogenesis.
We thus propose that IRIS represents a dysregulated T-cell response that may stem from incongruous innate signals and can occur during reversal of immunosuppression. The diverse scenarios and presentations of IRIS are influenced by the specific pathogenic pathways involved for each underlying pathogen (bacterial or viral), the presence or absence of antimicrobial therapy, the anatomy of affected sites, and the underlying type and degree of immune suppression; CD4 deficiency alone is neither necessary nor sufficient for this phenomenon to occur. Based on the observed cytokines involved and the fact that the pathogens are ultimately cleared, we propose that T cells are central and proximal to the end effect and injury, a dysregulated inflammatory response leading to tissue destruction in organs of antigen abundance (Fig. 1A ).
Future research in IRIS would benefit from a more robust evaluation of cell to cell interactions, particularly of antigen-presenting cells with T cells, to elucidate the pathways that trigger the inflammatory responses. The role of Tregs should be further studied, and the trafficking of cells with accumulation in areas of antigen encounter should be better appreciated. A provocative recent study describing the destructive and frequently lethal fungal infection (white nose syndrome) caused by Geomyces destructans in little brown bats (35, 36) when they recover from hibernation also highlights the potential role of metabolism in immune function and of neutrophils in tissue destruction in IRIS, neither of which have been addressed in humans. Biomarkers have already been extensively studied and have identified potential candidates (TNF, INFγ, sand IL-6) for both risk stratification and as potential selection criteria or direct targets for interventional clinical trials. Pathogenspecific studies that further elucidate pathogenic pathways may help guide more targeted treatment interventions for IRIS to hopefully replace or, at a minimum, supplement corticosteroids.
Immune reconstitution during chronic ART: persistent immune activation and inflammation in treated HIV infection
Despite successful suppression of viral replication, some patients initiating ART fail to experience immune reconstitution. While the definition of incomplete CD4 + T-cell recovery or immunologic non-response may vary, it is estimated that half of ART treated patients may fail to reconstitute their CD4 + T-cell counts to levels above 500 cells/μL, and up to 16% may not achieve a CD4 + T-cell count greater than 200 cells/μL, even with long term therapy (6, 37) . These individuals with lack of immunologic recovery despite suppression of viral replication are at higher risk for clinical events, including death, AIDS-defining events, malignancies, cardiovascular events, and severe infections compared to those with more substantial CD4 + T-cell increases (38, 39) . Some of the risk factors for a limited CD4 + Tcell recovery include older age (40) , lower CD4 + T-cell nadir prior to ART (41) , and active co-infection, most notably with hepatitis C virus (HCV) (42, 43) , but the strongest predictor remains a lower nadir CD4 + T-cell count before ART initiation.
The incomplete immune reconstitution observed in older patients or those who initiate ART at lower CD4 + T-cell nadirs likely reflects the impairment of T-cell homeostasis in severely lymphopenic states. Antigen-experienced CD4 + T cells, particularly those in the central memory compartment, appear to be preferentially lost in HIV infection, with newer evidence suggesting that antigen specificity may influence their susceptibility based on their degree of Th17 cytokine expression (44, 45) . Replacement of mature memory CD4 + T cells, via antigen-specific clonal expansion of naive cells, and antigen-independent homeostatic turnover are also impaired or insufficient (46) . HIV infection furthermore reduces the pool of naive CD4 + T cells through continuous depletion of naive T cells, both by maturing into memory T cells and because of decreased survival (47) . With the initiation of ART, the accelerated differentiation of naive CD4 + T cells into memory cells is slowed (1, 48) , leading to replenishment of the naive subset (44) and a restoration of the CD4 + TCR diversity (49) . Data from our laboratory confirms an increase in CD4 + T-cell activation and cycling in HIV infection that depletes the overall CD4 + T-cell pool (50) and begins to normalize with ART when CD4 + T-cell counts recover (51) . T cells of HIV-infected patients are also less responsive to IL-7, a necessary survival signal sustaining naive CD4 + T-cell populations, than are uninfected controls, and in ART-treated patients, IL-7 responsiveness correlates strongly with the extent of CD4 + T-cell reconstitution (52, 53) . In addition, reconstitution in the first two years of ART appears to be driven predominantly by T cells expressing the a chain of the IL-7 receptor (CD127) (54) .
The inadequate IL-7 homeostatic signaling in immune restoration should also be studied within the tissue niche of naive lymphocytes, the lymph nodes. In 2002, Ashley Haase's group (46) reported a strong negative correlation between both CD4 + T-cell counts and the degree of peripheral CD4 + T-cell reconstitution on ART with the extent of collagen deposition in the paracortical T-cell zone in LT of individuals with chronic HIV infection. As a result, they hypothesized that these LT were unable to support normal T-cell reconstitution. Further research into this area has revealed that the inflammation and activation of transforming growth factor β (TGFβ) pathway found in HIV-infected patients leads to fibrosis that disrupts the tissue architecture and impedes naive T-cell access to survival cytokines including IL-7, resulting in their apoptotic depletion (55) . In addition, the death of naive T cells deprives the LT from production of lymphotoxin B, a critical survival factor for the reticular endothelial cells that in turn are the main producers of IL-7 in the lymph nodes. This leads to a vicious cycle of decreased production of IL-7 and underutilization caused by difficult access to it due to fibrosis. It is unclear whether this fibrosis is reversible with long term ART therapy. Interestingly, blocking the effects of TNFα in acute simian immunodeficiency virus (SIV) infection was shown to prevent fibrosis of LT, without any decrease in T-cell activation or change in CD4 + T-cell counts or SIV viremia (56) . These data suggest the involvement of TNF pathway in tissue fibrosis but not necessarily in T-cell cycling and activation. Fibrosis in other sites, including mucosal effector sites, has also been shown in HIV infection, and this may correlate with the extent of immune recovery of these sites after ART (57, 58) . Further investigations into specific anti-fibrotic therapies in HIV, both in acute and chronic infections, are ongoing. Intriguingly, another factor consistently associated with limited CD4 + T-cell reconstitution is chronic immune activation, which persists despite ART (59-61), although it is unclear whether this is a cause or result of impaired immune restoration. HIV-infected individuals, even those receiving long term therapy, are more likely to develop non-AIDS morbidity and die of non-AIDS events at an earlier age than the HIV-uninfected population (7, 8) . Markers of chronic immune activation and inflammation, IL-6, D-dimer, C-reactive protein (CRP), and soluble CD14 (sCD14), are predictive of these events. These inflammatory biomarkers continue to be elevated in individuals receiving ART, and are predictors of both AIDS and non-AIDS associated morbidity and mortality after controlling for CD4 + T-cell counts and HIV viral load (62) (63) (64) (65) . It is not clear what drives chronic immune activation in treated HIV infection. Possible causes include persistent innate system activation from residual HIV replication, ongoing viral co-infections, or microbial translocation across a compromised gastrointestinal mucosa as well as persistent homeostatic signals.
Chronic viral stimulation
A regimen of combination antiretroviral therapy typically leads to plasma viremia suppression to below 50 copies/mL by conventional detection assays. Ultra-sensitive assays detecting levels of viremia between 1 and 49 copies/mL have repeatedly shown that lower levels of HIV can still be identified in patients on ART (66, 67) . However, intensification of ART with the addition of alternative classes of medications has shown mostly negative results in further suppressing the viremia or T-cell activation (68, 69) , with one study showing a transient decrease in markers of HIV integration with an associated decrease in Tcell activation markers in a subgroup of participants (70) . Elite controllers spontaneously control viral replication, many of them without developing opportunistic infections or AIDS, in the absence of ART. While their viral loads are below the limit of detection in conventional assays (<50 copies/mL), they also frequently have measurable low level viremia, ongoing viral replication, and evolution of their viral reservoir (71) . These persons also have elevated levels of inflammatory biomarkers, immune activation, and non-AIDS events, including atherosclerosis, in the absence of uncontrolled viremia or ART (72, 73) , suggesting that the low (below detection by routine assays) HIV viremia may be playing a role in chronic inflammation in HIV.
Other chronic viral infections, such as herpes simplex virus (HSV) and viral hepatitis that are disproportionately common in HIV infected patients (74) as well as cytomegalovirus (CMV) with more than 90% of HIV + patients seropositive for it (75) , may contribute to immune activation. More specifically, CMV-specific T cells have been implicated in atherosclerosis, which has a well-studied component of innate immune activation (76, 77) . Administration of anti-CMV therapy in HIV-infected patients, on ART for more than 6 months without significant immune reconstitution (CD4<350 cells/μL) and without CMV end organ disease, was found to reduce some markers of CD8 + T-cell activation but did not increase CD4 + T-cell counts (78) . Randomized studies of anti-HSV therapy have shown reductions in HIV viral load by approximately half a log (79) and increases in CD4 + T-cell counts (80) in ART-naive patients, but it remains unclear if HSV remains a significant contributor to immune activation in treated HIV patients.
Immune restoration in mucosal sites
Another potential setback of successful immune restoration and driver of ongoing chronic immune activation on ART may be the HIV-induced injury in mucosal barriers. The gutassociated lymphoid tissue (GALT) is the most widely studied of these. GALT homes a large proportion of the body's CD4 + T cells. During acute HIV (or SIV) infection, this tissue compartment is severely compromised, with massive depletion of T lymphocytes, altered gut microbiota, increased permeability, and extensive intestinal mucosal inflammation (81) . It has been proposed that microbial translocation (MT) across this damaged mucosa and defective clearance leads to persistent innate system and T-cell activation (81, 82) . Association of MT with T-cell activation (82) but lack of direct correlation with mortality suggests an important intermediate step that is most likely the activation of the innate system. Although treatment with ART can produce a remarkable restoration of peripheral CD4 + T cells, reduce CD4 + T-cell activation, and improve CD4 + T-cell populations at effector sites (51), some reports showed that restoration of CD4 + T cells in the lamina propria may be incomplete, even after up to five years on ART (83) . Recent data suggest a possible defect in gut homing that may be contributing to this ineffective repopulation (84) , highlighting how studies ought to extend beyond peripheral blood to assess tissue-homing receptors and cell trafficking in conditions of perturbed homeostasis (85) . Elite controllers appear to have intact mucosal T cells (50) , despite recent evidence of increased inflammatory biomarkers (sCD163, LPS) and possible cardiovascular disease, suggesting that the mucosal T cells are not the necessary injury that connects systemic inflammation with HIV, as was also highlighted in nonpathogenic models of SIV infection in sooty mangabeys (86) .
Homeostatic drive and T-cell subsets
CD4 + T-cell lymphopenia is the characteristic defect of untreated HIV infection and is often attributed to direct mechanisms, including infection and viral cytopathic effect or killing by virus-specific cytotoxic CD8 + T cells, as well as indirect effects, including bystander apoptosis due to chronic immune activation (87) or pyroptosis, a pro-inflammatory induced cell death with release of caspases 1 and 3, as a consequence of abortive HIV infection (88) or deprivation of survival cytokines as described previously. The dynamics of CD4 + T-cell loss are increasingly understood to differently affect the PB, LT, and effector sites, where the majority (approximately 98%) of CD4 + T cells reside, as well as the individual T-cell subsets at these sites. New data from Thorston Mempel's laboratory (89) has shown how infected T cells can migrate quickly in LN, forming complex tethering interactions with multiple uninfected cells, enabling viral dissemination while remaining sequestered in lymph nodes. It will be of great interest to study how ART affects these morphological and mobility alterations, both in the short and in the long-term, to get a better understanding of the dynamic tissue T-cell changes and trafficking after ART initiation.
Imbalances in T-cell subset restoration may also hinder a successful immune system recovery post-ART. Th17 cells, critical in mounting an inflammatory defense against bacterial and fungal microbes at mucosal surfaces, are preferentially lost from GALT in HIV infection but not from PB (90) . Treg cells, the circulating subset of CD4 + T cells with suppressive activity implicated in immune tolerance, are relatively increased in frequency in PB, but overall their numbers are depleted, and it remains unclear whether this reflects redistribution between PB and LT (91, 92) , preferential infection by HIV (93), or the inherent higher rates of turnover and apoptosis in this subset (94) . One explanation is that plasmacytoid dendritic cells (pDCs) that have been exposed to and stimulated by HIV secrete high levels of IFNa that appear to promote the differentiation of naive T cells preferentially into Treg cells (95) , suppressing T-cell effector functions and perhaps leading to the preferential loss of Th17 cells in HIV and pathogenic SIV infection (90, 96) . Tfollicular helper (Tfh) cells, which nearly exclusively reside in LT and specialize in providing B-cell help for antibody production, appear to be significantly expanded (approximately tenfold) in the LN of HIV-infected individuals, perhaps driving the hypergammaglobulinemia, increased IL-6, and generalized immune activation that has been identified in untreated HIV infection (97, 98) . Finally, it is unclear how depletion and subsequent recovery with ART of T-memory stem cells, a recently described T-cell subset with robust proliferative and functional potential (99) , may be affecting T-cell restoration in HIV.
The role of DCs and monocytes in immune reconstitution after ART
Studies of DC subsets in non-human primates and SIV models have supported the hypothesis that DC dysfunction, particularly increased IFNa production by pDCs, contributes to HIV pathogenesis and chronic immune activation (100). In nonpathogenic SIV infection models (sooty mangabeys), there is an initial type I IFN response spike during acute infection that is attenuated during chronic infection (101, 102) . In contrast, in pathogenic models of SIV (rhesus macaques), there is an analogous IFN-induced response during acute infection that persists throughout the chronic phase of infection (103, 104) . The effects of HIV infection on DC function appear to be only partially ameliorated with ART. After initiation of ART, pDC function remains impaired, with some evidence of enhanced type I IFN production in response to HIV and partial maturation to a phenotype of inflammatory cytokine production that can support effective T-cell responses (105) . Chronic innate immune activation appears to be predictive of HIV-associated non-AIDS events, such as cardiovascular disease and stroke. The identification of elevated IL-6, secreted by activated monocytes and macrophages, and D-dimer, a marker of coagulation and fibrinolysis, as independent predictors of mortality in treated patients, has increased the research focus on the interaction between monocytes and the coagulopathy in chronic treated infection. Further studies have shown that cardiovascular disease risk is strongly associated with increased activation of monocytes (106, 107) and plasma levels of sCD14 (108, 109) as well as increased proportions of monocytes and platelets expressing cellsurface tissue factor (TF). Data from Suzanne Crowe's laboratory (110) have shown that the phenotypic and functional profiles of monocytes of HIV-infected patients, both treated and untreated, more closely resemble those of elderly uninfected controls (approximately 20 years older) than age-matched uninfected controls, with impaired phagocytic function and shortened telomeres. In studies by our group, D-dimer and soluble TF (sTF) but not markers of T-cell activation were associated with development of cardiovascular disease and venous thromboembolic disease in long-term treated HIV infection (65, 111) and with biomarkers of coagulation in elite controllers (unpublished data). In agreement with these earlier observations, a higher proportion of patrolling, pro-inflammatory (CD16 + ) monocytes was found to be an independent predictor of coronary calcium score progression in a large study of predominantly treated HIV + patients (106) . Finally, higher levels of biomarkers linked to treated HIV morbidity and mortality (IL-6, D-dimer, sCD14, and CRP) were associated with monocyte activation but not with T-cell activation in a large study of mostly treated HIV + patients (107) . Thus, factors associated with innate immune activation and inflammation appear to trigger the coagulation cascade in chronic HIV infection and contribute to vascular complications that lead to chronic end organ damage.
Early ART is the most effective strategy for successful immune reconstitution
The mechanism underlying both early and chronic immune activation in HIV infection that we have proposed, that is the uncoupling of the innate and adaptive immune responses due to severe immunosuppression and their unbalanced recovery, has important implications for the management of HIV infection and areas of future investigation and interventions. Increasingly, there is recognition that earlier initiation of ART may offer the best opportunity for CD4 + T-cell recovery and immune system preservation. Early and effective ART clearly is associated with less overall CD4 + T-cell depletion, a lower rate of AIDS events or other infections, and a higher capacity for reconstitution of the immune system, with a reduced risk of developing the acute complication of IRIS, more common when initiating ART with low CD4 + T-cell counts and high antigen burdens.
The prospect for averting the long-term effects of chronic immune activation on ART, especially if started very early during infection, are increasingly appreciated. A trial of increased intensity ART (a regimen of tenofovir, emtricitabine, efavirenz, raltegravir, and maraviroc) started in early acute HIV infection (Fiebig stages I-III) found that this intensive early therapy was able to limit reservoir size at 24 weeks and partially restore gut mucosal T-cell counts (112) . Another study showed that the initiation of ART in early HIV infection was associated with no measurable viral evolution in the GALT, suggesting that early therapy may effectively inhibit viral replication in this compartment (113) . Data presented at the International AIDS Society conference (IAS 2012, Washington D.C) described 12 patients from the Virological and Immunological Studies in CONtrollers after Treatment Interruption (VISCONTI) cohort, who, after beginning therapy during acute HIV infection, went on to spontaneously control viral replication once treatment was interrupted (114) . Indepth analysis of the viral reservoirs of these 'induced controller' patients revealed a durable viral reservoir with similar magnitude and distribution compared to Elite Controllers in short-lived memory CD4 + T cells. Finally, a recent cohort study found that within the first 4 months of HIV infection, there is a narrow 'restorative time window' in which the immune system equilibrates after initial CD4 + T-cell losses and thus is poised for recovery, and they observed that starting ART during this period augmented both the rate and extent of CD4 + T-cell reconstitution (115) .
The emerging understanding of the interplay between homeostatic dysregulation and immune activation has led to studying interventions that attempt T-cell expansion and have shown mixed results. IL-2, an important homeostatic cytokine, led to substantial CD4 + Tcell expansions in peripheral blood (116, 117) , but in randomized clinical trials, combining IL-2 therapy with ART showed no clinical benefit in terms of preventing AIDS-defining illnesses (118) . An alternative candidate common chain cytokine, IL-7, which prevents apoptosis of T cells and is required for naive T-cell survival in vivo, has been shown to be well-tolerated (119) and to increase CD4 + T-cell counts in treated HIV patients (120) . These T cells remain capable of responding to antigenic stimuli and producing cytokines after polyclonal and specific antigenic stimulation, and the repopulation appears to extend from thymus to PB, LT, and effector sites (121, 122) . Further investigation of the effects of IL-7 is ongoing.
Treatment intensification with additional anti-retroviral drugs, to improve CD4 + T-cell counts or modulate immune responses, has proven disappointing. Maraviroc (MVC), a CCR5 blocker currently approved for treatment of HIV, also prevents the interaction of CCR5 with its primary ligand CCL5 (RANTES) and prevents receptor binding by CCL3 and CCL4 (known as monocyte inflammatory proteins 1 α and β, MIP-1 1 α and β), members of the β chemokine family that when bound to the CCR5 receptor can trigger T-cell activation and proliferation (123) . MVC and another new agent under investigation in preliminary trials, Cenicriviroc (Tobira Therapeutics, San Francisco, CA), additionally antagonize CCL2, also known as monocyte chemotactic protein 1 (MCP-1), and monocytes treated in vitro with MVC showed a dose-dependent reduction in chemotaxis to MIP-1 β and MCP-1 (124) . Initial studies have given inconclusive results: intensification with MVC did not increase CD4 + T-cell counts of HIV patients with poor immunologic response, but markers of T-cell activation, cell cycling, and apoptosis decreased during MVC therapy (125, 126) . Studies into the short and long term anti-inflammatory effects of MVC, including in immunologic nonresponders, prevention of IRIS, and attenuation of liver fibrosis in HIV-hepatitis B or C co-infection, are ongoing. Intensification with the integrase inhibitor raltegravir has shown transient decreases in T-cell activation (70) and alterations in RANTES and MIP-1 β expression (127), but, again, without any associated improvements in CD4 + T-cell counts or other long term outcomes.
Other targeted interventions have been proposed and are in various stages of development. In an attempt to target the lymphoid fibrosis associated with chronic treated HIV infection, clinical trials are underway to evaluate medications that directly inhibit fibrosis, including angiotensin receptor blockers and angiotensin-converting enzyme inhibitors (128) . Some experts have hypothesized that inhibitors of the TGFβ pathway (47) and medications that might help restore the fibroblastic reticular cell network of LT by activating the lymphotoxin B signaling receptor pathway (129) would be worthy of further investigation. Guided by the association of sTF and D-dimer with cardiovascular events and thromboembolic disease in HIV as well as the hypothesis that neurocognitive disease could be a microvascular complication of chronic HIV-associated immune activation, targeting the coagulation cascade with anti-coagulants has been considered. Interventions to counteract the products of MT, including sevelamer, as a binder of endotoxin, and rifaximin, to reduce the overall bacterial burden within the intestine, are also under investigation.
Other immunomodulating drugs, particularly those with anti-inflammatory activity including methotrexate, shown to reduce cardiovascular events in patients with rheumatoid arthritis (130) , and statins (131) continue to be investigated, and as we have shown, studies should predominantly focus on targets related to innate immune activation, as these have been more directly linked to clinical events and mortality in ART-treated persons. One possible shortcoming of many immunomodulatory strategy trials has been a persistent use of the proportion of activated T cells as the primary end point. In our opinion, soluble biomarkers are more tightly linked to morbidity and mortality in treated HIV infection and should be further evaluated as surrogate markers. In addition, innate system activation, particularly monocyte activation, appears more proximal to the injury (specifically the non-infectious long term complications of chronic treated HIV) and thus may represent a better therapeutic target or measurable outcome (Fig. 1B) .
Summary and concluding remarks
Although inflammation during IRIS and chronic treated HIV infection represent two disparate conditions, they highlight the spectrum of immune reconstitution in treated HIV infection and the complex interplay between innate and adaptive immune responses in the reconstituting immune system (Fig. 1 ). The best current approach to successfully restore the immune system is early ART, which can prevent AIDS associated events and limit the imbalances and dysfunction of leukocyte subsets, while preserving the structural integrity of lymphoid tissues. With increasingly widespread access to early ART and increased life expectancy in those treated, the population of HIV-infected patients receiving chronic therapy will expand. Future research should take advantage of innovative techniques and must move beyond the static study of T-cell subsets in peripheral blood or isolated tissues. A better understanding of how the entire immune system continues to recover and respond to ART will be necessary to address the challenges of an aging HIV + treated population.
Fig. 1. Graphic depiction of the inflammatory environment of IRIS (top) during early ART and chronic residual inflammation (bottom) of long-term treated HIV
(A) In IRIS, there is a contracted T-cell pool consisting mainly of highly activated effectors and a high antigen burden due to the uncontrolled underlying opportunistic disease. The injured mucosa further increases the antigen exposure and innate system activation, while the fibrosis in the lymph nodes restricts access to homeostatic cytokines that are underutilized leading to death of naive T cells. Apoptotic microparticles further blunt the function of antigen-presenting cells. As HIV viremia resolves, the activated effector T cells emerge and encounter primed antigen presenting cells in a disrupted milieu that fosters dysregulated inflammatory responses, and release cytokines (IFN-γ, TNF-α, IL-2, IL-17) that drive tissue damage in organs with abundance of foreign antigen such as lungs, liver, lymph nodes, or the central nervous system. (B) In chronic treated HIV, significantly lower foreign antigen burden (no opportunistic disease, partially restored leaky gut), continuing low levels of chronic viral stimulation, in the presence of a fuller T-cell pool with lower levels of T-cell activation and lower homeostatic forces, maintain innate system activation with activated monocytes and high levels of IL-6, soluble tissue factor, D-dimer, and soluble CD14 causing predominantly chronic inflammation and vascular endothelial damage that in turn results in end organ disease in the heart, brain, kidney, and liver.
